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. INTRODUCTION 
Most c o a l  mine d ra inage  wa te r s ,  con ta in ing  s u l f u r i c  a c i d ,  i r o n ,  and 

aluminum as major i m p u r i t i e s ,  r e q u i r e  t rea tment  t o  reduce t h e  contam- 
i n a n t  concent ra t ions  t o  m e e t  r e c e n t  S t a t e  r e g u l a t i o n s  p r i o r  t o  t h e i r  
e n t r y  i n t o  n a t u r a l  waterways. The p r e s e n t ,  most widely employed treat- 
ment p rocess  inc ludes  n e u t r a l i z a t i o n  o f  t h e  waters  and subsequent 
o x i d a t i o n  and p r e c i p i t a t i o n  of t h e  i r o n  along wi th  most of t h e  aluminum 
p r e s e n t .  An impurity s ludge  product  i s  sepa ra t ed  f o r  d i s p o s a l .  

I ron  occurs i n  t h e s e  w a t e r s  predominantly as t h e  s o l u b l e  i r o n  (11) 
ion.  Its d e s i r e d  removal as an i n s o l u b l e  hydra ted  f e r r i c  oxide usual ly  
invo lves  a i r  ox ida t ion  w i t h  the a s s o c i a t e d  product ion  o f  f u r t h e r  ac id .  
A knowledge of the o x i d a t i o n  k i n e t i c s  of t h e  i r o n  (11) ion  i s  of s i g -  
n i f i c a n c e  i n  the development of c o n t r o l  measures t h a t  could prevent  
formation of t hese  contaminated waters and i n  provid ing  e f f i c i e n t  
methods o f  treatment.  I n  t h e  t r ea tmen t ,  t h e  parameters involv ing  t h i s  
o x i d a t i o n  n o t  only r e g u l a t e  t h e  r e a c t i o n  rate,  t h u s  process-equipment 
des ign ,  b u t  a l s o  have i m p l i c a t i o n s  regard ing  the  n e u t r a l i z a t i o n  r e a c t i o n s  
and the n a t u r e  of t h e  r e s u l t i n g  sludge. 

This  paper deals wi th  t h e  oxygenation o f  i r o n  (11) i o n s  and 
i n d i c a t e s  t h e  r e l a t i v e  response  of t he  more impor tan t  r e a c t i o n  parameters 
on the measured r a t e s .  I t  i s  taken from a more ex tens ive  s tudy by the  
 author^.^ The exper imenta l  cond i t ions  employed were s i m i l a r  t o  those 
p r e v a i l i n g  i n  the  t r e a t m e n t  of mine drainage.  
s i d e r e d  w e r e :  pH, tempera ture ,  i r o n  concen t r a t ion ,  and aluminum con- 
c e n t r a t i o n .  Aluminum mn mine dra inage  though commonly considered ' 

innocuous as a contaminant,  has  s i g n i f i c a n t  a f f e c t s  dur ing  t reatment .  
There are o t h e r  v a r i a b l e s  which are n o t  d i scussed  h e r e i n  such as s u l f a t e  
concen t r a t ion  and c a t a l y t i c  responses of trace c o n s t i t u e n t s  such as 
copper. 

The parameters con- 
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of i r o n  (111) can be r ep resen ted  as follows: 
The oxygenation of i r o n  (11) i o n s  and t h e  subsequent p r e c i p i t a t i o n  

Fe++ + 1/4 0 2  + 5/2 H20 = Fe(OH)3+ + 2H+ (a )  
This  o v e r a l l  r e a c t i o n  invo lves  oxygenation, hydro lys i s ,  and p r e c i p i t a t i o n ,  
o f  which oxygenation, is be l i eved  t o  be t h e  rate-determining s t ep . '  
Stumm's s t u d i e s  of i r o n  (11) i n  the pH range 4 to  8 i n d i c a t e  t h e  oxida- 
t i o n  rate can be desc r ibed  by t h e  following equat ion:  

- d ( F e ( I I ) + + )  = K (Fe (11)++) ( 0 2 )  (OH-) 
d t  

B e l o w  pH 3 , however, t h e  rate l a w  fol lows t h e  equation: 

d t  
- d ( P e ( I I ) + + )  = K ( F e ( I I ) + + )  ( 0 2 )  (C 1 

I n  t h e  pH range 4 t o  8, for a given pH and oxygen concentrat ion,  
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- d ( F e ( I I ) + + )  = k' ( F e ( I 1 )  ) 

where k' = K ( O H - ) 2  (02) 

t h e  rate express ion  becomes : 
++ 

d t  

which r e p r e s e n t s  a f i r s t - o r d e r  r e a c t i o n  r a t e .  

EXPERIMENTAL 
A j acke ted  r e a c t i o n  chamber was employed i n  which a e r a t i o n  w a s  

achieved by introducing a i r  through a f r i t t e d  g l a s s  d i s c  a t  t h e  bottom. 
The  gas  movement provided v i o l e n t  a g i t a t i o n  wi th in  t h e  chamber. Glass 
and calomel e l e c t r o d e s  w e r e  supported through a s topper  a t  t h e  top of 
t he  chamber t o  lead a s i g n a l  t o  a Sargent Recording T i t r a t o r ,  Model D.  
By proper adjustment of a cam l i m i t  switch,  t he  t i t r a t i n g  mechanism 
au tomat i ca l ly  con t ro l l ed  i n j e c t i o n  of t h e  a l k a l i n e  t i t r a n t  (1.5N NaOH)  
t o  maintain a constant  pH. A cons t an t  temperature bath and pump were 
employed t o  c i r c u l a t e  water through the  g l a s s  j a c k e t  surrounding 
chamber t o  maintain a cons t an t  temperature.  A schematic r e p r e s e n t a t i o n  
of t he  apparatus  i s  shown i n  Figure 1. 

Reactant s o l u t i o n s  w e r e  prepared wi th  b o i l e d ,  d i s t i l l e d ,  
de ionized  water and reagent  grade f e r r o u s  s u l f a t e  heptahydra te ,  
Fe(SO4) . 7 H z 0  and hydrated aluminum potassium s u l f a t e ,  AlK(S0h)Z . 1 2 H 2 0 .  Reactant s o l u t i o n s  w e r e  ad jus t ed  t o  pH 2.8 wi th  s u l f u r i c  ac id  
p r i o r  t o  add i t ion  of t he  f e r r o u s  s u l f a t e  s a l t  t o  in su re  ox ida t ion  would 
no t  occur  before  t h e  experiment w a s  i n i t i a t e d .  

Approximately 600 m l  of s o l u t i o n  w e r e  used f o r  each t e s t .  The 
s o l u t i o n s  w e r e  placed i n  t h e  r e a c t i o n  chamber and ae ra t ed  €o r  30 minutes 
t o  ensure s a t u r a t i o n  of t h e  s o l u t i o n  by 0 2 .  The r a t e  of a i r  i n t r o d u c t i o n  
appeared t o  maintain t h i s  s a t u r a t e d  cond i t ion  s i n c e  a p l o t  of t h e  pseudo- 
f i r s t  o r d e r  r e a c t i o n  r a t e s  conformed t o  a s t r a i g h t  l i n e  dependent only 
upon t h e  decrease i n  i r o n  (11) concen t r a t ion .  The r e a c t i o n  r a t e  w a s  
followed by withdrawing samples a t  measured t i m e  i n t e r v a l s ,  dowsing 
them immediately i n  2 m l  of concent ra ted  HC1 and t i t r a t i n g  wi th  potassium 
dichromate s o l u t i o n  t o  determine t h e  concen t r a t ion  of i r o n  (11) i o n .  

I n  the  i n i t i a l  test series only t h e  p H  of t h e  r e a c t i o n  w a s  v a r i e d  
by employing i r o n  s o l u t i o n s  (1000 ppm F e ( 1 I ) ) a t  22OC.  A second series 
was conducted a t  two d i f f e r e n t  l e v e l s  of t h e  fou r  parameters as a z 4  
f a c t o r i a l  experimental  design. The v a r i a b l e  l e v e l s  of t h e  second s e r i e s  
of tests a r e  given i n  Table 1. 

TABLE 1 

VARIABLE LEVELS USED I N  RATE STUDIES 

Var iab le  Min Max 

X I  : pH 5.5 5.7 
x2 : Temp O C  15 25 
x ?  : pprn F e ( I 1 )  4 0 0  800 
x h  : ppm A l ( I I 1 )  200  4 0 0  

The PE values chqsen were those  which gave reasonably measurable 
r a t e s  by t i t r i m e t r i c  techniques.  Addi t iona l  tests were conducted 
employing an i c e  b a t h ,  which v e r i f i e d  the  temperature dependence t o  
5OC.' The concen t r a t ions  of i r o n  and aluminum employed w e r e  r ep re -  
s e n t a t i v e  of l e v e l s  of mine dra inage  waters  i n  Pennsylvania.  
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RESULTS 
The rates f o r  i r o n  s o l u t i o n s  a t  cons t an t  PH were found t o  conform 

t o  a pseudo-f i r s t -order  r e a c t i o n  as ind ica t ed ,  by equat ion  (d)  . 
r e a c t i o n  rate cons t an t s ,  k ' ,  a r e  l i s t e d  i n  Table 2.  

The 

TABLE 2 

RATE CONSTANTS FOR OXYGENATION OF IRON (11)'' CONSTANT pH 

PH k '  (min-' x 

4.50 1.5 
4.70 263. 
4.75 348. 
4.80 517. 
5.10 809. 
5.18 1 1 9 0 .  
5.35 3030. 

I ron  (II>++ = 1 0 0 0  ppm. T = 2 2 0 ~  

The r e a c t i o n  rate curves  (shown i n  Figure 2 )  a r e  represented  by 

I n  ( F e ( I I I t ) =  In  ( F e ( I I ) o ) -  k ' t  

where F e ( I I ) t  = % F e ( I 1 )  remaining a t  t i m e  t ( i n  minutes) 

t h e  fo l lowing  func t ion:  
(e)  

The least-squares-method w a s  used t o  e s t a b l i s h  k '  va lues  ( t h e  
s lopes  of  t h e  c u r v e s ) ,  however, t h e  concen t r a t ion  a t  t = o was no t  
used due to  the  b i a s  t h a t  would have been c rea t ed  during t h e  i n i t i a l  
phase of the r e a c t i o n  wh i l e  t h e  hydroxyl i on  concen t r a t ion  was changing. 

There w a s  n e a r l y  2000-fold i n c r e a s e  i n  t h e  r e a c t i o n  r a t e  wi th  a 
pH i n c r e a s e  from 4.50 t o  5.35. The change i n  r a t e  with pH appears  t o  
be n e a r l y  l i n e a r  between 4.5 and 5.1 wi th  a very  major i n c r e a s e  occurr ing  
wi th in  t h e  next  few hundre ths  of  a u n i t ,  a t t a i n i n g  r a t e s  which could 
not  be eva lua ted  b y  t h e  experimental  procedures  employed. 

The in t roduc t ion  of  i r o n  concen t r a t ion ,  aluminum concen t r a t ion ,  
and temperature  as a d d i t i o n a l  parameters  developed major changes i n  t h e  
r e a c t i o n  rate. Table  3 p r e s e n t s  t h e  l e v e l s  of  v a r i a b l e s  and t h e  ca l -  
c u l a t e d  r a t e  cons t an t s ,  k ' ,  f o r  t h e s e  tests i n  t h e  experimental  design.  
With t h e  subsequent obse rva t ions  i t  i s  cr i t ical  to  stress t h a t  i r o n  (11) 
ion  concen t r a t ion  a t  t = o was n o t  used t o  c a l c u l a t e  k ' .  The f o u r  
r e a c t i o n  rate curves shown i n  Figure 3 are t y p i c a l  of t h e  p l o t s  f o r  
a l l  of  t he  tests. 

I t  appears from t h e  curves  of  t hese  r e a c t i o n s  t h a t  dur ing  t h e  
i n i t i a l  phase,  i .e .  wi th  t h e  in t roduc t ion  of a l k a l i  u n t i l  t h e  p a r t i c u l a r  
d e s i r e d  pH w a s  reached ,  e i t h e r  a d i f f e r e n t  r e a c t i o n  r a t e  o r  r e a c t i o n  
mechanism was t ak ing  place than  t h e  one p l o t t e d  f o r  t he  r e a c t i o n  a t  a 
cons t an t  pH. The i n i t i a l  r a t e  i s  much more r a p i d  than t h a t  e s t a b l i s h e d  
a t  c o n s t a n t  p H .  The cu rves  e x t r a p o l a t e  only t o  60-85 percent  of  t he  
known i ron  (11) concen t r a t ion  a t  t = 0. 

During t h i s  i n i t i a l  phase,  t h e  a l k a l i  w a s  i n j e c t e d  i n t o  t h e  
r e a c t a n t  s o l u t i o n  a t  the m a x i m u m  rate a t t a i n a b l e  wi th  t h e  equipment 
(3 .5  ml/min). 
r a t e  w a s  employed (1/3 ml/rnin.). The lapsed  t i m e  f o r  t h e  i n i t i a l  

When t h e  d e s i r e d  pH w a s  reached,  t h e  minimum i n j e c t i o n  
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TABLE 3 

LEVELS OF ALL VARIABLES AND RATE CONSTANTS FOR EACH OXIDATION 
RATE TEST WITH ALUMINUM PRESENT 

E-1 
E- 2 
E- 3 
E- 4 
E- 5 
E- 6 
E- 7 
E- 8 
E- 9 
E-10 
E-11 
E-12 
E-13 
E-14 
E- 15 
E-16 

~ 

5.5 
5.7 
5.5 
5.7 
5.5 
5.7 
5.5 
5.7 
5.5 
5.7 
5.5 
5.7 
5.5 
5.7 
5.5 
5.7 

15 
15 
25 
25 
15 
15 
25 
25 
15 
15 
25 
25 
15 
15 
25 
25 

400 
400 
400 
400 
800 
800 
800 
800 
400 
400 
400 
400 
800 
800 
800 
800 

200 
200 
200 
200 
200 
200 
200 
200 
4 0 0  
400 
400 
400 
400 
400 
400 
400 

11.0 
50.9 
66.5 
583. 
102. 
1930. 
1060. 
6870. 

5.6 
31.8 
23.4 

35.2 
239. 

123. 
333. 
1780. 

alkali introduction during the multiparameter tests was slightly longer 
(3-4 min.) than during the pure iron solution tests (2-3 min.). 

During the initial rapid injection of alkali, a typically greenish 
precipitate (assumed to be ferrous hydroxide) was formed at the point of 
injection, due to the high localized concentration of hydroxyl ions in 
this region. When no aluminum was present, it appeared that the reac- 
tion rate was not appreciable different during this initial phase than 
after the desired reaction pH was reached. 

Thus it seems that the presence of aluminum ions in the reactant 
solution somehow modifies the oxidation rate of iron (11) in a complex 
manner. 
and Fe(II1) has been investigated by Kakabadse and Whinfrey.' Their 
results show that A1(OH)3 changes the rate of precipitation of Fe(OH), 
but does not interfere with Fe(OH)2precipitation. 

The effect of aluminum hydroxide on the hydrolysis of Fe(I1) 

The oxidation rate of iron (11) ion continues to increase with 
pH beyond 5.35 to 5.7 even in the presence of aluminum ions. A loo 
temperature increase resulted in a similar change in the oxidation rate 
by a factor between 3 and 15 times. This temperature dependence was 
indicated over the temperature range between 5 to 25OC. 

The reaction rate constant may appear to vary with the initial 
iron (11) concentration. However, as the reaction rate for pure iron 
solution was first-order with respect to iron (11) concentration, the 
rate constant is independent of the initial iron (11) concentration 
(see equation d) . With interference of A1 ( O H ) 3  ' on the hydrolysis 
rate of iron (III), these changes in the measured rate constant must 
be attributed to changes in the Fe(I1):Al ratio,+$.e. the overall 
oxidation-hydrolysis reaction rate of iron (11) 1s proportion to 
this ratio. Consequently, it was found that a two-fold increase in 
the Fe(I1):Al ratio resulted in increases in the oxidation rate of 
iron (11) ion between 2 and 40 fold. The effect on reaction rates of 
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aluminum concent ra t ion  i n c r e a s i n g  corresponds wi th  a decreas ing  i r o n  
c o n c e n t r a t i o n ,  temperature  and pH. 

A notable  consequence of t h i s  s tudy  w a s  t h e  observa t ion  t h a t  t h e  
oxida t ion  ra te  dur ing  t h e  i n i t i a l  few minutes of t h e  r e a c t i o n ,  while  
Fe(0H)z w a s  forming and o x i d i z i n g ,  was extremely r a p i d  and d i d  not  
appear t o  be a f f e c t e d  by the ppesence of aluminum, even though t h e  
A 1  (OH) 3 p r e c i p i t a t e  w a s  observed,  also, dur ing  t h i s  per iod  and through- 
o u t  t h e  test. A proposed explana t ion  i s  schematical ly  represented  as 
fo l lows  : 

Hydrolysis 
Uninhibi ted 
by A 1  ( O H )  3 

Hydrolysis 
i n h i b i t e d  by 
i n t e r f e r e n c e  
of A 1  (OH)  3 

Pe(OH)z 07 p Fe (111) -C p r e c i p i t a t e  
(b)  

F a s t e r  
Reaction (d) i n  t h i s  schematic diagram is slowed due t o  t h e  in-  

h i b i t i o n  of the h y d r o l y s i s  r e a c t i o n  (c) caused by t h e  i n t e r f e r e n c e  of 
A 1  (OH) 3 .  Reaction (b) , on t h e  o t h e r  hand, c o n t i n a e s  a t  t h e  same rela- 
t i v e  rate as it would r e g a r d l e s s  o f  t h e  presence o f  aluminum. 

Accordingly when aluminum occurs  i n  mine drainage water  a s  a 
major c o n s t i t u e n t  i t  is a n t i c i p a t e d  t h a t  reaction r a t e s  dur ing  treat- 
ment w i l l  be g r e a t l y  r e t a r d e d .  I f  t h e  above proposal  i s  a c c u r a t e ,  
s u p e r i o r  resul ts  should r e s u l t  when t h e  w a t e r s  are completely n e u t r a l i z e d  
and t h e  F e ( I 1 )  p r e c i p i t a t e d  a s  t h e  hydroxide p r i o r  t o  t h e  oxygenation 
step,  i .e .  the p H  be k e p t  as h igh  as f e a s i b l e  s u b j e c t  t o  o t h e r  v a r i a b l e s  
+d processes. F u r t h e r  s t u d i e s  are being planned t o  r e s o l v e  and quant i fy  
t h e s e  r e l a t i o n s h i p s  which can r e s u l t  i n  major changes i n  process  
condi t ions  . 
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